The Southern root-knot nematode Meloidogyne incognita causes huge crop losses. We investigated the effects of RNA interference directed against the M. incognita posterior segregation-1 gene. The RNAi resulted in a drastic reduction in the relative amount of pos-1 transcript. Also, it reduced reproductive potential in terms of hatching rate from eggs, probably due to embryonic lethality.
Plant-parasitic nematodes cause significant damage to crops in terms of reduction in yield and quality. They are annually responsible for an estimated 100 billion euros in agricultural losses worldwide. Among them, root-knot nematodes, Meloidogyne spp., are the most important. They are responsible for more than 10 billion euros in crop losses annually. The Southern root-knot nematode Meloidogyne incognita, the most widespread species, is found in every country in which the lowest temperature is more than 3 C, and can infect almost all cultivated plants. Hence, it is possibly the most damaging crop pathogen in the world. 1) Chemical nematicides, including soil fumigants, are the most reliable means of controlling root-knot nematodes, but most nematicides are non-specific and notoriously toxic, and they pose a threat to the soil ecosystem, ground water, and human health. Hence the use of agrochemicals is restricted and will probably be more drastically reduced in the future. This situation strengthens the relevance of studies on the development of new methods of controlling root-knot nematodes.
In the free-living soil nematode Caenorhabditis elegans, RNA interference (RNAi), an RNA-dependent gene silencing method, is widely utilized in reverse genetics. 2, 3) We expected that RNAi would also induce knockdown of gene's function in M. incognita and might provide a new method of controlling the root-knot nematode. Here we describe a target gene, pos-1, and the efficacy of RNAi directed against it. We also discuss the application of RNAi to control of the growth of the rootknot nematode. It may be substitutable for harmful soil fumigants.
In order to test our proposal for controlling M. incognita by RNAi, we chose the pos-1 gene, the first gene used to prove the efficacy of soaking RNAi in C. elegans.
4) It determines the anterior-posterior axis in C. elegans and encodes an RNA-binding protein with two CCCH-type zinc-finger motifs. In addition, it plays a major role in embryogenesis. 5) When it is mutated or subjected to RNAi knockdown, embryonic formation in the parent animal is completely arrested in C. elegans. Hence we expected that the corresponding RNAi against M. incognita might result in significant embryonic lethality in the animal. First we searched a M. incognita homolog of C. elegans pos-1 in the NEMBASE (http: //www.jpm.ucdavis/NEMABASE). A Blast search based on the cDNA sequence of C. elegans pos-1 revealed M. incognita EST clone MIC01075 1, the sequence of which shows 54% similarity to that of C. elegans pos-1 cDNA. Their deduced amino acid sequences show 47% identity and 65% similarity to each other (bits = 43, E-value = 8e-05). An alignment of these sequences is shown in Fig. 1 . Two CCCH-type zinc-finger motifs are conserved in both proteins, in addition to the high sequence similarity between them. Hence we concluded that we could obtain the nucleotide sequence of M. incognita pos-1 with which to carry out the following RNAi experiments.
When we carried out RNAi experiments, we also adopted soaking RNAi, by which knockdown of the gene's function is occasionally done in C. elegans. 5) In the soaking RNAi, tested animals are soaked in a solution containing double-stranded RNA (dsRNA) produced in vitro (Fig. 2A) . The root-knot nematode M. incognita used in this study was prepared as follows: seeds of tomato (Solanum lycopersicum) were purchased from Kaneko Seeds (Gunma, Japan), and the grown tomatoes were infected with M. incognita. Three months after infection, galls of the infected roots were collected and incubated in distilled water for 7 d at room temperature (hatching rate 82.8%, SE = 4.45). Then infective second-stage juveniles (J2) that had hatched from eggs were collected by filtration and segregation. 6) On the other hand, preparation of the free-living soil nematode C. elegans was done by a standard method.
7) The collected worms of M. incognita and C. elegans (n = 5,000-10,000) were stored in an RNAlater soluy To whom correspondence should be addressed. Fax: +81-857-31-6764; E-mail: kawano@muses.tottori-u.ac.jp Abbreviations: C. elegans, Caenorhabditis elegans; DEPC, diethyl pyrocarbonate; dsRNA, double-stranded RNA; M. incognita, Meloidogyne incognita; qPCR, quantitative PCR; RNAi, RNA interference; pos, posterior segregation tion (Takara, Shiga, Japan). Total RNAs were isolated using ISOGEN (Nippon Gene, Tokyo). Subsequently, we utilized an ISOGEN Poly(A)
þ Isolation kit (Nippon Gene) to prepare mRNAs, and then synthesized cDNAs with a First-strand cDNA Synthesis Kit (Takara) to be used as templates for RCR. A partial cDNA for pos-1 from M. incognita (18-593 bp) or C. elegans (160-744 bp) was amplified using TaKaRa EX Taq (Takara). The following primer pairs were used for PCR amplification: M. incognita pos-1 (5 0 -aatgagcgcagcacaatcag-3 0 and 5 0 -tcagctatctctaaaccagc-3 0 ) and C. elegans pos-1
. The various PCR products were subcloned into pGEM-T EASY Vector (Promega, Madison, WI). After sequencing, each insertion was separated from the subclone by digestion with Not I or Eco RI and then introduced into RNAi vector L4440 containing inverted T7 polymerase promoters, which are located outside of the multiple-cloning site ( Fig. 2A) . Templates for producing dsRNA were produced by PCR using a T7 promoter sequence as primer (5 0 -taatacgactcactataggg-3 0 ). The dsRNAs were produced using a MEGAscript RNAi Kit (Ambion, Huntingdon, UK). Then soaking RNAi was done by the method of Rosso et al. 8) Rootknot nematodes M. incognita at the J2 stage were soaked with 10 mL of RNAi solution (1.25 g/L NaCl, 0.75 g/L NH 2 PO 4 , 1.5 g/L Na 2 HPO 4 , 3 mM spermidine, 0.05% gelatine, 1.0% resorcinol, and 1.0 mg/mL of the dsRNA) for 4 h at room temperature.
In order to ascertain the effect of soaking RNAi as to the M. inognita pos-1 gene, we carried out quantitative RT-PCR to investigate the decreases in the amounts of the corresponding transcripts. We isolated poly(A) þ RNA from animals treated with DEPC-treated water, the C. elegans dsRNA, and the M. incognita dsRNA using a Dynabeads mRNA DIRECT Kit (Invitrogen, Grand Island, NY) and a DynaMag-Spin (Invitrogen), synthesized the cDNA, and then performed qPCR. The qPCR mixture contained 0.3 mM of each primer, 1.0 mg/L of dT ð30Þ -primed cDNAs, and ThunderbirdÔ SYBR Ò 2 Â qPCR Mix (Toyobo, Osaka, Japan). The qPCR was run and monitored on a LineGene real-time thermal cycler (BioFlux, Tokyo) under the following reaction conditions: 95 C for 15 s, 55 C for 15 s, and 72 C for 30 s (50 cycles). Initial data analysis was carried out using the Fluorescent Quantitative Detection System (BioFlux), which calculated the Ct value and extrapolated the relative level of the PCR product from the standard curve. Moreover, we analyzed the melting curve to check whether the primer dimers had been produced. actin was used as an internal control in this qPCR. The following primer pairs were used in PCR amplification: M. incognita actin (5 0 -aggctaaccgtgaaaagatgacc-3 0 and 5 0 -aagatcacgtccagccaagtc-3 0 ), and M. incognita pos-1 (5 0 -caagccattttctgatcgacg-3 0 and 5 0 -cattatgctcatggtatcag agaac-3 0 ). As shown Fig. 2B , the RNAi using the C. elegans dsRNA showed no difference from the control RNAi with the use of DEPC-treated water. In contrast, the RNAi using the M. incognita dsRNA decreased the relative amount of the transcript by 85% as compared to the control RNAi. These results indicate that the soaking RNAi directed against M. incognita pos-1 was probably due to the stringency of RNAi based on nucleotide identity.
Next we attempted to verify that the soaking RNAi directed against M. incognita pos-1 controlled the growth of the root-knot nematode, M. incognita. Nematodes treated with DEPC-treated water, the C. elegans dsRNA, or the M. incognita dsRNA were inoculated into the roots of a growing tomato plant. Approximately 100 nematodes at the J2 stage were used for inoculation of one tomato plant. After incubation for 3 months, galls were collected from the infected roots and incubated for 7 d at room temperature. After autopsy of the galls, the The RNAi experiments were carried out 3 times. Bars represent the relative quantity of each transcript. Results are presented as mean AE standard error of means. The data were analyzed by one-way analysis of variance, followed by Dunnett's multiple-comparison test.
Ã p < 0:001. N.S., not significant.
CePOS-1 MiPOS-1 Fig. 1 . Alignment of the Deduced Amino Acid Sequences of C. elegans and M. incognita pos-1 cDNAs.
Comparison of M. incognita POS-1 with C. elegans POS-1 aligned using GENETYX software Ver. 9 (GENETYX, Tokyo). Zinc-finger motifs (C-X 8 -C-X 5 -C-X 3 -H) are underlined. Identical residues between two proteins are highlighted.
numbers of hatched juveniles and remaining eggs were counted under a microscope. As shown Fig. 3A , the control RNAi showed an 87.4% hatching rate. The RNAi with the C. elegans dsRNA exhibited an 85.1% hatching rate, indicating that the RNAi had no effect on M. incognita. Incomplete hatching was also observed in the sub-culturing of M. incognita, as described above. In contrast, the RNAi using the M. incognita dsRNA exhibited a 48.8% hatching rate even after 3 months of soaking RNAi treatment. These results suggest that the soaking RNAi for M. incognita pos-1 can control the embryonic growth of M. incognita. Sijen and coworkers reported continuity of the effect of RNAi, but they did not describe the period or strength of this effect. 9) Incomplete inhibition of hatching in the present study was probably due to insufficient continuation of the RNAi effect in the root-knot nematode after RNAi treatment.
Finally, we investigated whether dsRNA of M. incognita pos-1 influences the hatching of C. elegans. Soaking RNAi directed against C. elegans was carried out by the method of Tabara and coworkers. 4) Twenty fourth-instar larvae were treated with each solution and then removed to an NGM plate pasted with the Escherichia coli OP50 strain. After incubation for 12 h at 20 C, the adults were removed to NGM plates, allowing them to lay eggs for 12 h. After removal of the adults, incubation was continued for 2 d. Then worms and eggs were counted under a microscope. The C. elegans dsRNA caused complete embryonic lethality, as expected, while the M. incognita dsRNA showed no effect (Fig. 3B) . These results indicate that soaking RNAi directed against Mi-pos-1 has no effect on the embryonic growth of C. elegans.
In this study, we elucidated the efficacy of pos-1 RNAi against M. incognita using the soaking method. The RNAi decreased the amount of the corresponding transcript drastically and reduced significantly the hatching rate of M. incognita. Based on the present study, now we are establishing a transgenic tomato plant that produces the dsRNA of M. incognita pos-1. Since this tomato plant produces dsRNA continuously and M. incognita nematodes in its roots are subjected to the RNAi at all times, complete inhibition of hatching of the nematodes can be expected. Quite recently, Ibrahim and coworkers reported that transformed soybean roots interfered with M. incognita gall formation.
10) This is a precedent for the so-called in planta RNAi against plant-parasitic nematodes. Tomato is attractive to M. incognita, 11) permitting the transgenic tomato plant in question above to be a transgenic trap crop as a plant nematicide. Results are presented as mean AE standard error of means. The data were analyzed by one-way analysis of variance followed by Dunnett's multiple-comparison test.
Ã p < 0:001. N.S., not significant. n, total number of eggs observed.
